Fluorine is a bone-seeking element ubiquitously present in the environment and widely used in many oral hygiene products. In humans, excessive intake of fluoride may cause dental and skeletal fluorosis. However, endemic fluorosis does not appear to develop in a proportion of individuals exposed to the same levels of fluoride. The mechanisms by which mammalian cells resist fluoride are still unclear. In this study, we developed strains of mouse L-929 cells resistant to different levels of fluoride. Highthroughput RNA-sequencing analyses of the fluoride-resistant L-929 cells indicated that massive changes in global gene expression occurred, compared with the wild-type L-929 cells. The main biological processes and functions changed were associated with the extracellular region and matrix, response to stress, receptor binding, and signal transduction. This indicated that high doses of fluoride not only exerted stress on L-929 cells but also induced functional pathways that helped them adapt to the presence of fluoride or to expel it. These data should prove useful in identifying cellular processes or transporters/channels that play central roles in adaptation to or expulsion of fluoride in humans.
Fluorine is a bone-seeking element and is ubiquitous in the environment. Compared with chloride and iodide, two halides that have been well studied for their effects on living organisms, much less is known about the biological importance of fluoride and the mechanisms by which cells respond to this anion [1] [2] [3] . Since 1950s, fluoride has been successfully used in drinking water as a public health measure for preventing dental caries [4] . In addition, fluoride is widely used in many oral hygiene products. For example, most current toothpastes available directly to the consumers contain up to 1450 p.p.m. (76.3 mM) fluoride.
On the other hand, accumulated data suggest that fluoride is toxic to bacteria, fungi, plants, animals, and humans at high concentrations or doses [5] [6] [7] . The mechanisms by which fluoride is toxic to these different species have been investigated extensively but are yet to be fully understood. In human, excessive intake of fluoride may cause dental and skeletal fluorosis, two most common endemic fluorosis associated with excessive fluoride exposure. Dental fluorosis leads to pitting, perforation, and chipping of the teeth, whereas skeletal fluorosis causes more severe consequences like pains in joints followed by stiffness, which ultimately leads to paralysis [8] . Interestingly, endemic fluorosis does not appear to develop in a proportion of individuals exposed to the same levels of fluoride, which suggests that some individuals are less sensitive to and/or have gained a capability to resist fluoride toxicity [9] .
Because of its ubiquitous presence in the environment and its toxic effects, organisms most likely have evolved mechanisms of resistance to fluoride. Previous studies suggested that a carrier protein could have already existed within the cellular membrane acting as a barrier to fluoride or as a transporter of fluoride, protecting the activity of intracellular enzymes sensitive to fluoride [10, 11] . Membrane transport proteins of the chloride channels, which could be such carrier candidates, are used by many organisms for a range of biological tasks that require movement of Cl À or other inorganic anions across cell membranes [2, 12, 13] . Recently, a riboswitch-controlled subtype of chloride channels referred to as ClC F is identified to function as fluoride-specific F À /H + antiporters in bacteria and lower eukaryotes [14] [15] [16] [17] . However, to date, no specific fluoride channels have yet been identified in mammalian cells. The mechanisms that mammalian cells resist fluoride are still unclear.
In the present study, we developed strains of mouse L-929 cells resistant to different levels of fluoride. High-throughput RNA-sequencing analyses of the fluoride-resistant (FR) L-929 cells indicated that, compared with the wild-type (WT) L-929 cells, massive changes in global gene expressions occurred within the induced FR L-929 cells. The main biological processes and functions changed were associated with extracellular region and matrix, response to stress, receptor binding, and signal transductions etc., indicating high dose fluoride not only exerted stress on L-929 cells but also induced functional pathways that helped them adapt to or expel the fluoride. Our data may be valuable in identifying cellular processes and transporters/ channels that play central roles in adapting to/expelling fluoride in mammalian cells in the future. cDNA library preparation and RNA sequencing Poly(A) mRNA was isolated using beads containing oligo (dT) from total RNA. Purified mRNA was then fragmented and used as templates. The first-strand cDNA was synthesized with random hexamer primers and the secondstrand cDNA was synthesized using buffer, dNTPs, RNase H, and DNA polymerase I. Short double-stranded cDNA fragments were purified with a QIAquick PCR purification kit (Qiagen, Hilden, Germany) and ligated to Illumina sequencing adaptors. The amplified library was sequenced on an Illumina HiSeq TM 2000 (Illumina, San Diego, CA, USA) sequencing machine by paired-end sequencing.
Materials and methods

Medium preparation
Differentially expressed gene analysis
Differentially expressed genes (fold change ≥ 2) between WT and 30 p.p.m. FR L-929 cells were identified using the significance of digital gene expression profiles.
Quantitative real-time RT-PCR
Total RNA was extracted using the Trizol reagent (Life Technologies, Grand Island, NY, USA) according to the manufacturer's instructions. RNA was reverse-transcribed into cDNAs by the AMV Reverse Transcription System (Promega Corporation, Madison, WI, USA). Quantitative RT-RCR was performed with the SYBR Green QPCR system (Roche Applied Science, Mannheim, Germany) with GAPDH as an internal control.
Statistical analysis
Experimental data were reported as mean AE SEM. To compare between the different of two groups, two-tailed Student's t-test was used. When P value is less than 0.05, significant differences were determined. Table S1 ).
Results
Effect
Gene ontology analyses of RNA-seq results for the 30 p.p.m. FR L-929 cells
We next performed gene ontology analyses of the 385 genes whose expressions were significantly changed in the 30 p.p.m. FR L-929 cells. Analyses of the biological processes that the 385 genes were involved showed that many genes possibly belong to stress response (Fig. 3A) . Of the 10 most significant biological processes (with the highest P values), 6 of them were related to responses to external stimuli (Fig. 3B) , further supporting the above conclusion. These results indicated that 30 p.p.m. (1.579 mM) fluoride was first a strong external stress for the survival of the L-929 cells. Level 4 analyses of the biological process showed that the top three biological processes (with the highest percent of genes) were 'cell communication', 'multicellular organismal development', and 'system development' (Fig. 3C ). This result was somewhat 'interesting' and may suggest that the L-929 cells tried communicated with each other and act as a whole system to resist the external 30 p.p.m. (1.579 mM) fluoride stress. Analyses of the cellular components that the 385 genes belong to showed that most of them were closely associated with the extracellular compartment, including extracellular matrix (ECM), organelles, and vesicles etc. (Fig. 4A,B) . Deeper level 4 analyses of the cellular components indicated that there were 164 genes which also belong to 'cytoplasm' (Fig. 4C) . These results showed that the 30 p. Analyses of the molecular functions the 385 genes were associated with showed that a majority of them were involved in protein and receptor binding (Fig. 5A,B) . Deeper level 4 analyses of the molecular functions further showed that these genes belong to a list of the protein-binding activities, including receptor, cell adhesion molecules, lipopolysaccharides, glycoprotein, and enzyme binding etc. (Fig. 5C ). These results suggested that the 30 p.p.m. (1.579 mM) fluoride elicited many signaling transduction activities in the L-929 cells, which could also play very important roles in helping the cells in adaptation to the toxic fluoride rich environment.
KEGG pathway analyses of RNA-seq results for the 30 p.p.m. FR L-929 cells
We also analyzed the signaling pathways that the 385 genes may lie in. Kyoto encyclopedia of genes and genomes (KEGG) pathway analyses showed that, of the six major functional areas, three of them were involved, which are 'environmental information processing', 'organismal systems', and 'Human diseases' (Fig. 6A) . The top three pathways were 'ECM-receptor interaction', 'mitogen-activated protein kinase (MAPK) signaling pathway', and 'phosphoinositide 3-kinase (PI3K)-Akt signaling pathway'. Some wellstudied pathways, such as 'P53 signaling pathway', 'nuclear factor (NF)-kappa B signaling pathway', 'forkhead box O (FoxO) signaling pathway', and 'Focal adhesion', were also highly involved (Fig. 6B) . Simulation of the complex signaling networks that may be involved in the fluoride resistance of L-929 cells are shown in Fig. 6C .
Validation of the gene expression change in the 30 p.p.m. FR L-929 cells by real-time RT-PCR
To validate the gene expression changes in the 30 p.p.m. FR L-929 cells from the RNA-seq data, we further performed real-time RT-PCR experiments on a list of genes that participated in multiple biological process and pathways concluded from our gene ontology and KEGG pathway studies (Fig. 7A) . These genes could play very important roles in determining the fluoride resistance capabilities the L-929 cells developed. As shown in Fig. 7B , expression changes in genes Plin2, Clec11a, Ereg, Cxcl1, Inhba, Loxl3, Col1a2, Fmod, Il1a, Ccl20, Slit1, and Ctgf were consistent with the expression fold change data from RNA-seq studies. 
Discussion
Toxic effects of excessive fluoride on organisms including mammals have been well documented [7, 18] . As a highly electronegative anion, fluoride is extremely active and tends to attract cations like calcium. Hence, the effect of fluoride on mineralized tissues such as bone and teeth leading to developmental alternations is of clinical significance; these mineralized tissues contain the highest amount of calcium and therefore attract fluoride that is incorporated to form calciumfluorapatite crystals. Excessive exposure to fluoride may interfere normal process of tissue mineralization; consequently, developmental alternations result in dental and skeletal fluorosis, two most common endemic fluorosis associated with excessive fluoride, which are harmful to individual health [8] . There are more than 20 developed and developing nations in which fluorosis is endemic and the most severe problem occurs in Rift Valley countries in Africa, India, Sri Lanka and China [19, 20] . Water source pollution or contamination with high levels of fluoride-containing minerals is believed to be important reasons [15] . It was noticed that even when exposed to the same levels of fluoride in some of those areas, endemic fluorosis does not appear to develop in a proportion of individuals, which indicates the existence of possible strategies that can protect individuals from fluoride toxicity. However, so far, little is known regarding the mechanisms responsible for such resistance or tolerance to fluoride toxicity in such individuals [9] .
Recently, some new clues emerged with the discovery of the fluoride riboswitch (crcB RNA motif) that binds to fluoride and regulates the expression of genes in response to this anion in a wide variety of bacteria and archaea [16, 21] . Riboswitches are metabolite or ion-sensing, conservatively structured RNA motifs typically located in the noncoding regions of certain mRNAs. They control the expression of adjoining protein-coding regions through several different mechanisms including transcription termination, translation blocking, and alternative splicing [22] [23] [24] [25] . Fluoride riboswitches increase expression of downstream genes when fluoride levels are elevated, and the genes are proposed to help mitigate the toxic effects of very high levels of fluoride. Many genes are presumed to be regulated by these fluoride riboswitches. To date, two of the most common encode proteins that have been proposed to function by removing fluoride from the cell are identified, CrcB proteins and a fluoridespecific subtype of chloride channels referred to as ClC F [16, 21] . ClC F proteins have been shown to function as fluoride-specific F À /H + antiporters [14] . Fluoride riboswitches are found in many organisms within the domains fungus, bacteria and archaea, indicating that many of these organisms sometimes encounter elevated levels of fluoride. However, no riboswitches have yet been identified in mammals which make the riboswitches more likely to be mechanisms specific to fungus, bacteria, and archaea but so far not to mammals.
Developing mammalian cells that can adapt to high level of fluoride is believed to be one of the best ways in vitro to investigate the mechanisms by which mammals can resist fluoride toxicity. Previous studies demonstrated that fluoride is cytotoxic and causes cell death when it reaches approximate 1 mM (19 p.p.m.) in culture media [26] [27] [28] [29] [30] depending upon pH [31] and cell types [32] [33] [34] [35] [10, 11, 30, 36, 37] . However, due to limitations in research methodology, no further research was performed at molecular level to investigate mechanisms associated with the observation of fluoride resistance of cells.
In the present study, FR strains of L-929 cells were successfully induced in vitro by sequential exposure of WT L-929 cells to gradient ascending fluoride concentration in culture media. By using highthroughput RNA-sequencing technology, we, for the first time, systemically analyzed the global gene expression changes after fluoride adaptation of mammalian cells. We identified 385 genes that exhibited at least twofold changes in 30 p.p.m. FR mouse L-929 cells compared with WT ones. Of the 385 genes, 265 genes were up-regulated and 120 genes downregulated. Gene ontology analyses for these 385 genes showed that, response to stress, multiorganismal and system development, extracellular region of the cells, as well as protein and receptor binding are the main biological processes and molecular functions the FR L-929 cells changed to adapt to the fluoride toxin. These data suggested that the high concentration of fluoride is firstly a strong stress for the mammalian cells to respond. The cells also tend to form a unity to adapt to the toxic stress and then stimulate downstream signaling pathways to upregulate the inner system of expelling the fluoride toxin. KEGG pathway analyses indicated that these downstream pathways that may play key roles in helping expelling fluoride out of cells are 'ECMreceptor interaction', 'MAPK signaling pathway', 'PI3K-Akt signaling pathway', 'P53 signaling pathway', 'NF-kappa B signaling pathway', 'FoxO signaling pathway', and 'Focal adhesion' etc. These results further indicated that, even as simple as the addition of one toxin as an anion of fluoride, the cells respond to it in a very complex way to systemically change the functional units expressed within cells for adaptation or expelling the fluoride toxin.
Although we did not identify the single key gene/ protein that determine fluoride resistance of mammalian cells in the current study, our approach using next-generation RNA-seq in FR mammalian cells should facilitate future studies in dissection of molecular pathways and the development of more appropriate FR mammalian cell model systems. We believe our data can be used as an important tool for novel genes and gene feature discovery in FR mammalian cells in later more detailed studies.
Conclusion
In summary, under the limitation of this study, we developed FR strains of mouse L-929 cells and systemically analyzed the global gene expression changes after fluoride adaptation of these mammalian cells. To our knowledge, our study showed, for the first time, that main biological processes and functions changed within the induced FR strains of L-929 cells were associated with extracellular region and matrix, response to stress, receptor binding, and signal transductions etc., which indicate that high-dose fluoride not only exerted stress on L-929 cells but also induced functional pathways that helped them adapt to or expel the fluoride. 36 
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